Asama volcano is one of the most active volcanoes in Japan. Spatially dense surface deformation at Asama volcano has rarely been documented because of its high topography and snow cover around the summit. This study presents the first interferometric synthetic aperture radar (InSAR) observation of ground deformation at Asama volcano with 120 Sentinel-1 SAR images from both ascending and descending tracks and 20 descending ALOS-2 images acquired between 2014 and 2018. We exploited both persistent and distributed scatterers to overcome decorrelation of SAR signals and applied a three-dimensional unwrapping method to retrieve the displacement time series efficiently. Our observations reveal an asymmetric deformation around the volcano with two main deformation regions on the northeast and southeast flanks, respectively. The northeast flank (NEF) exhibits line-of-sight (LOS) extensions in all the three SAR datasets with maximum velocities of − 14, − 10, and − 12 mm/year for the descending ALOS-2, ascending, and descending Sentinel-1 measurements, respectively. The southeast flank (SEF) shows LOS extensions in the ascending observations and LOS shortening in the descending observations with velocities between − 12 and 9 mm/ year. Decomposition of the LOS displacements reveals nearly pure subsidence at the NEF, while the SEF exhibits a substantial eastward component as well as subsidence. Comparisons of the vertical subsidence at two continuous GNSS stations near the summit crater with our InSAR observations indicate small discrepancies smaller than 4 mm/year. We interpreted that the subsidence at the NEF of Asama is primarily due to the hydrothermal activity, while the deformation at SEF is plausibly due to flank instability. We highlight that efforts should be taken to monitor the slope instability at Asama volcano in the future. which permits unrestricted use, distribution, and reproduction in any medium, provided you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons license, and indicate if changes were made.
Introduction
Asama volcano is an andesitic composite volcano and one of the most active volcanoes in Japan. Asama volcano has been active for about 100,000 years and repeatedly erupted every several years in history (Aoki et al. 2013) . The recent eruptions at Asama volcano were in 2004, 2008, 2009, 2015, and 2019 . An eruption at Asama volcano has the potential of posing volcanic hazards to the Tokyo metropolitan area, which is about 160 km southeast of the volcano with a population of more than 20 million. For instance, the 2004 eruption in Asama volcano produced large ash clouds and led to ashfall in the Tokyo metropolitan area (Tsunematsu et al. 2008) . For this reason, monitoring the activity of Asama volcano is essential for mitigating volcanic hazards during future large eruptions.
Geodetic measurements of surface deformation at active volcanoes can provide important clues for assessing volcanic activity (Pinel et al. 2014) . Leveling surveys were repeated 22 times at and around Asama volcano between 1902 and 2005 (Murase et al. 2007 ). Continuous global navigation satellite system (GNSS) observations at Asama volcano have also been implemented since the mid-1990s (Takeo et al. 2006; Aoki et al. 2013) . These geodetic measurements have revealed that the deformation pattern of Mt Asama is temporally variable. Leveling benchmarks at the eastern flank of the volcano have shown minor subsidence between 1935 and 1939 and apparent uplift during 1939 and 1950, while the leveling surveys at the southeastern flank exhibited significant uplift between 1902 and 1952 and moderate subsidence between 1952 (Murase et al. 2007 ). Murase et al. (2007) described these vertical displacements as due to the deflation and inflation of two pressure sources beneath Mt Asama. Temporal variations in baseline length between continuous GNSS stations around Asama volcano have also exhibited frequent alternation between contraction and expansion (Aoki et al. 2013) . Contraction of the GNSS baseline has been observed preceding both the 2004 and 2009 eruptions and been interpreted as degassing from previously intruded magma (Kazahaya et al. 2015) .
Although conventional geodetic measurements from leveling and GNSS have provided crucial insights into the deformation pattern and magmatic activity of Asama volcano, a detailed characterization of surface deformation at the volcano is still lacking. One important reason is that the GNSS stations are sparsely distributed around the volcano with only two continuous GNSS sites around the summit (KAHG and KAWG in Fig. 1 ). While interferometric synthetic aperture radar (InSAR) has proven to be a useful tool for mapping ground deformation with high spatial resolution and precision (Hooper et al. 2012; Pinel et al. 2014 ), InSAR has rarely been applied to Asama volcano. Decorrelation of InSAR due to several factors such as the steep topography, dense vegetation, and snow cover around the summit have limited the application of InSAR to monitor deformation at Asama volcano (Pinel et al. 2014; Remy et al. 2015) .
Considerable efforts have been made to overcome phase decorrelation of InSAR and increase measurement points by exploiting a subset of pixels with stable phase such as persistent scatterer (PS) or distributed scatterer (DS) from repeated SAR images (Crosetto et al. 2016) . A classical method that exploits both PS and DS from SAR images is Stanford Method for Persistent Scatterers (StaMPS) method developed by Hooper et al. (2004) . This method assumes that ground deformation is spatially correlated and implements spatial filtering with a boxcar window to distinguish stochastic noise phase from other phase components. However, such spatial filtering may bias interferometric phase because the scattering patterns of neighboring pixels may be heterogeneous (Parizzi and Brcic 2011; Jiang et al. 2015) . The advantage of StaMPS is that it does not rely on any strong a priori assumptions of the temporal evolution of deformation by implementing a three-dimensional (3D) unwrapping method, facilitating the efficient detection of non-linear surface motion over time. As an alternative way to increase measurement points, Ferretti et al. (2011) proposed a method called SqueeSAR ™ , in which a triangulation algorithm is implemented to "optimize" interferometric phase using all possible interferograms. While SqueeSAR ™ can increase measurement points remarkably, the phase triangulation procedure is time consuming, because (N(N − 1))/2 interferograms are required from N SAR images.
In this study, we attempted to characterize the modern surface deformation of Asama volcano with repeated Sentinel-1 and ALOS-2 SAR images acquired between 2014 and 2018. Considering the severe decorrelation of SAR signals at the volcano, we developed a new InSAR processing procedure by taking advantage of the preexisting methods StaMPS and SqueeSAR ™ . First, we selected PS and DS following a method similar to Ferretti et al. (2001 Ferretti et al. ( , 2011 , with some modifications for a more robust selection of PS and DS. We then retrieved the displacement time series by applying the 3D unwrapping method on the selected pixels within the framework of StaMPS (Hooper et al. 2004 (Hooper et al. , 2008 . The proposed method takes advantage of SqueeSAR ™ for increasing measurement points and StaMPS for obtaining ground deformation products more efficiently. We also investigated possible mechanisms to account for the observed deformation with independent geological data and other geophysical observations around the volcano.
Geological background
Asama volcano is a complex volcano consisting of Kurofu, Hotokeiwa, and Maekake volcanoes from west to east (Fig. 1) . Kurofu volcano, the oldest edifice, collapsed eastward and formed the horseshoe-shaped caldera approximately 24,000 years ago (Aramaki 1963) . After the activity of Kurofu Volcano ceased, the eruption center shifted to the east, and the Hotokeiwa volcano formed around 17,000-11,000 years ago (Aramaki 1963) . The most recent volcanism was at the Maekake volcano, on which the Kamayama crater remains active at present. The latest major eruptions with Volcanic Explosivity Index (VEI; Newhall and Self 1982) of 4-5 took place in 1108, 1128, and 1783 AD (Aramaki 1963) . The eruptions have become less explosive during the last few decades with several moderate-sized eruptions of VEIs 2 in 1982, 1983 and 2004 . More recently, minor eruptions with VEIs of 1 took place in 2008, 2009, and 2015. The highest point of Asama Volcano is the summit of the Kamayama crater ( Fig. 1 ) at about 2560 m above sea level. The Kamayama crater has a diameter of about 500 m in the east-west direction and 440 m in the north-south direction (Fig. 1 ). The topography of Asama volcano is steep with an elevation difference of 1150 m between the summit and a GNSS site AVOG at the volcanic base ~ 4 km to the east of the summit. The slope angles of the volcano mainly range between 20º and 50º, and the western flank is steeper than the eastern flank (Aoki et al. 2013) .
Geological mapping shows that Asama volcano is mainly covered by six types of pyroclastic flow that were emplaced during past eruptions ( Fig. 2a ). By a chronological sequence, the geological deposits are the KCN formed during the activity of Kurofu volcano, the HLF formed during the activity of Hotokeiwa volcano, the BIG formed during the 1108 explosive eruption, and the ACN, ALF, and AIG erupted during the 1783 eruption. The lava flows of the 1783 eruption cover the summit area and most of the north and east flanks (Hayakawa 2006) .
SAR data
We collected a total of 140 SAR images comprising 120 C-band Sentinel-1 images and 20 L-band ALOS-2 images to detect the surface deformation at Asama volcano between 2014 and 2018. The Sentinel-1 images are acquired from two paths: 58 images from the descending path and 62 images from the ascending path. The ALOS-2 images are acquired from the descending path 19. The Sentinel-1 SAR satellites have a temporal sampling interval of 12 or 24 days, while the ALOS-2 images are uneven sampled with adjacent intervals from 14 to 224 days. The short sampling rate of Sentinel-1 SAR images has a potential of maintaining SAR coherence even if the wavelength of radar wave is short (~ 5.5 cm). The ALOS-2 SAR images with a longer wavelength (~ 24 cm) are less affected by temporal decorrelation of the SAR signal. Table 1 lists the detailed information of the SAR data. The acquisition dates of the SAR images are listed in Additional file 1: Tables S1-S3.
Dense vegetation covers Asama volcano. Figure 2b shows the Normalized Difference Vegetation Index (NDVI) (Rouse et al. 1974 ) calculated from the cloud-free Sentinel-2 image acquired on 21 May 2017. Previous studies have shown that the densities of PS and DS are highly correlated with the NDVI value (Cigna et al. 2014) . Given this insight, our study mainly focuses on this region of NDVI lower than 0.4 around the summit as circled by the dashed line in Fig. 2b because the dense vegetation beyond the region prevents us from obtaining reliable measurements due to the loss of coherence of SAR images. Additional file 1: Figure S1 shows an example of coherence from two Sentinel-1 images acquired in the summer of 2017, which demonstrates significant coherence loss outside the circled region. Although the coherence of ALOS-2 data is generally better than the Sentinel-1 data, the ALOS-2 data have a poor temporal resolution, which may degrade the quality of deformation estimate over highly vegetated regions. Therefore, we focus on the region where both the C-band Sentinel-1 and ALOS-2 data can reliably obtain surface deformation, forming a cross-validation between the two SAR sensors.
SAR data processing
The basic idea of multi-temporal InSAR analysis is to select a subset of pixels (PS or DS) based on certain statistics such as their amplitude or phase over multiple SAR images, and then estimate the mean velocities and the evolution of displacement on these selected pixels (Osmanoğlu et al. 2016) . Figure 3 shows the procedure of multi-temporal InSAR analysis by jointly analyzing PS and DS as we propose in this study. Main steps of the proposed method include the generation of interferograms, selection of the PS and DS, three-dimensional phase unwrapping, and the calculation of the mean velocity and displacement time series. We will present these main steps in detail in this section.
Generation of SAR interferograms
We generated SAR interferograms with small temporal and perpendicular baselines. This reduced the number of interferograms and the processing time compared with SqueeSAR ™ (Ferretti et al. 2011 ) that makes full use of all the possible interferograms. All the SAR pairs from ALOS-2 images have perpendicular baselines smaller than 400 m, and only those with temporal separation less than 400 days are selected to generate interferograms. For each path of the Sentinel-1 data, we selected two groups of interferograms: one group includes pairs with the maximum temporal separation of 60 days and perpendicular baseline of 200 m; the other group includes pairs with the maximum temporal separation of 400 days and maximum perpendicular baseline of 100 m. We adopted such selection criteria for Sentinel-1, because Asama volcano is covered with snow most of the time in winter, leading to significant temporal decorrelation for some winter interferograms. We added inter-annual summer interferograms for the Sentinel-1 data to avoid unconnected SAR images. Figure 4a -c show the networks for the ALOS-2 and ascending and descending Sentinel-1 images, respectively.
We used the GAMMA software to generate interferograms (Wegmüller and Werner 1997) . A digital elevation model (DEM) with a 10-m resolution provided by Geospatial Information Authority of Japan was employed to correct for topographic phase.
PS and DS selection Identifying PS and DS candidates
The first step of PS/DS selection is to determine PS candidates (PSC) or DS candidates (DSC) according to the statistical patterns of amplitudes of a set of SAR images. We selected PSC based on the amplitude dispersion index (ADI, D A ) defined as (Ferretti et al. 2001) :
where µ A and σ A are the mean and standard deviation of series of amplitude values, respectively. Pixels with ADI smaller than 0.4 are considered as PSC (Hooper et al. 2004) .
The selection of DSC starts from the determination of statistically homogeneous pixels (SHPs), whose amplitudes share similar statistical characteristics over time (Ferretti et al. 2011) . For an arbitrary pixel, goodness-offit testing is usually employed to determine its surrounding SHPs within a specific window (Jiang et al. 2015; Parizzi and Brcic 2011) . Several testing methods such as the Kolmogorov-Smirnov test (Stephens, 1970) , Anderson-Darling test (Papoulis 1965) , and the generalized likelihood ratio test (Pettitt 1976 ) have been proposed in recent years. Here we adopt the Anderson-Darling test to select SHPs because it has proven to be more robust than the other methods given a large stack of SAR images (Parizzi and Brcic 2011). The Anderson-Darling twosample test is a nonparametric test with the test statistic A 2 defined as (Parizzi and Brcic 2011): where x p,i and x q,i are the amplitude time series of two pixels p and q , i = 1, 2, ..M , and M is the number of SAR images, F p (x) and F q (x) are empirical cumulative distribution functions of amplitudes for the pixels p and q , F pq (x) is empirical distribution function of the pooled distribution x p,i , x q,i . The two pixels p and q are considered homogenous if the calculated A 2 for them is less than a threshold value. After the identification of SHPs, we estimated the adaptive coherence for each pixel based on its surrounding SHPs within a square window of 7 pixels. The pixels with mean coherence larger than 0.2 (1) are then considered as PSC. Additional file 1: Figure S2 shows the number of SHPs for each pixel from three SAR datasets.
We also implemented adaptive multi-looking in each interferogram to enhance the signal-to-noise ratio of the interferometric phase. The idea of adaptive multi-looking is to average a given pixel only with neighboring SHPs instead of a rectangular averaging (Jiang et al. 2015) . Considering that the summit crater of Asama volcano has a diameter of only a few hundred meters, we employed a small window size (3 × 3) when implementing the adaptive multi-looking. Compared with the phase triangulation method adopted in SqueeSAR ™ (Ferretti et al. 2011) , which also aims at improving phase quality, adaptive multi-looking is more efficient without the requirement of using all possible interferograms. Taking the pair 20150123-2012021 from ascending Sentinel-1 (path 39) data as an example, Fig. 5a , b shows the initial interferometric phase and that after adaptive multi-looking, indicating a significant improvement of the phase quality.
Selection of PS and DS
With the identified PSC and DSC, we selected pixels with a stable phase over time as PS and DS. A good indicator of phase stability (Tizzani et al. 2007 ) is the temporal coherence of each PSC and DSC as estimated as follows.
Assuming that M interferograms were generated following the criteria described in "Generation of SAR interferograms" section and unwrapped independently using the 3D unwrapping method (Hooper et al. 2004 ), for a given pixel with coordinates (x, r) , the unwrapped phase of the kth interferogram computed from the SAR acquisitions at times T B and T A can be expressed as:
and φ(t A , x, r) represent phase at the two acquisitions, d(t B , x, r) and d(t A , x, r) are the cumulative LOS displacements at t B and t A with respect to the first acquisition time of SAR images. �φ topo k (x, r) and �φ orb k (x, r) are phase errors due to uncertainties in DEM and SAR orbital parameters, respectively, in which the former can be modeled as 4π B ⊥ k �h(x,r)
R·sin(θ ) and the latter can be estimated and removed with a second-order polynomial fitting. B ⊥ k , R , h , and θ represent the perpendicular baseline, slant range, DEM uncertainty, and SAR offnadir angle, respectively.
We solved Eq.
(3) with singular value decomposition by setting the cumulative displacements and DEM error as unknown parameters. Then, we re-constructed the interferometric phase ( δφ k ) which only consists of deformation, topographic error, and orbital error. The difference between the initial and re-constructed phase represents the noise level of SAR phase history, from which we can
The Sentinel-1B interferogram 20160822-20161009 before (a) and after (b) adaptive multi-looking based on the statistically homogeneous pixels (SHPs). Note the images are in radar coordinates calculate the temporal coherence ( r t ) for each PSC and DSC:
Both the δ∅ k and δφ k need to be wrapped phase to calculate r t which ranges between 0 and 1 (Tizzani et al. 2007) . We selected the PSC and DSC with temporal coherence higher than 0.7 as PS and DS for further time series analysis.
Retrieving mean deformation rates and displacement time series
Once the selection of PS and DS is completed, we can obtain a phase stack on the selected pixels. We then imported the phase stack into the StaMPS software for further InSAR time series analysis, followed by steps of 3D phase unwrapping, correction for phase errors including orbital and topographic errors and tropospheric delay, estimation of mean deformation velocity, and displacement time series retrieving (Hooper 2008 ).
(4)
As a remark, we used the Toolbox for Reducing Atmospheric InSAR Noise (TRAIN) provided by Bekaert et al. (2015) to correct for tropospheric phase delay. We tested three independent correction methods within TRAIN to determine which method provides the best performance of tropospheric phase correction. They are, namely, (1) the linear phase-elevation fitting method (Zebker et al. 1994; Beauducel et al. 2000) , (2) the predictive tropospheric estimates from ERA-Interim (ERA-I) atmospheric reanalysis data (Dee et al. 2011) , and (3) the GACOS phase delay products from the operational highresolution European Centre for Medium Range Weather Forecasts data (Yu et al. 2018) . Previous studies have shown that none of these methods have been entirely successful in correcting for tropospheric errors in SAR interferograms, and the performance of each method highly depends on the local topo-climate conditions (Pinel et al. 2011; Kinoshita et al. 2012; Remy et al. 2015) . Figure 6a shows the mean LOS velocities from the ascending Sentinel-1 images (path 39) without Fig. 6b-d are those after the correction for the tropospheric delay with the three correction methods as described in "Retrieving mean deformation rates and displacement time series" section. Slight differences exist between the mean velocities with the three different correction methods. The deformation field after corrections with weather models shares similar deformation patterns with broad LOS shortening around the volcanic base and evident LOS extension near the summit. Especially, an area showing anomalous range shortening appears on the southwest flank of the volcano more clearly after the corrections with weather models (see white polygons in Fig. 6c, d) . However, the different deformation patterns between the volcanic base and summit are inconsistent with the GPS observations (see "Validation of the InSAR measurements" section).
Results

Comparison of atmospheric corrections
We calculated the correlation coefficient between the interferometric phase and elevation to evaluate the performance of the corrections. The correlation coefficient between the elevation and the phase before corrections is 0.19, while those after the tropospheric correction by phase-elevation fitting, ERA-I, and GACOS are 0.14, 0.34, and 0.28, respectively. The linear fitting gives the smallest correlation coefficient between phase and elevation, while, unexpectedly, the weather model data does not reduce the correlation coefficient. The relatively large correlation coefficients from weather model data are probably because there is significant difference in spatial resolution between the SAR images and weather models, which are 75 km and 14 km for ERA-I and GACOS, respectively. Additionally, the acquisition time of a given SAR image relative to the time period of the weather model would also impact the quality of the correction (Murray et al. 2019) , particularly over a high mountain area like Mt Asama with highly variable tropospheric conditions. Although the linear fitting may also remove the elevation-correlated displacements, this would not significantly affect the interpretation of deformation at Mt Asama because the correlation coefficient between the elevation and the uncorrected phase is smaller than 0.2. Therefore, we employed the phase-elevation linear fitting method to correct for the tropospheric phase delay to generate the deformation field.
Deformation field
With the SAR processing procedure presented in "SAR data processing" section, we successfully detected ground deformation at Asama volcano with high spatial resolution. The number of PS detected from the ALOS-2, ascending Sentinel-1, and descending Sentinel-1 images are 2112, 697, and 531, respectively, while the number of DS from the three datasets are 16942, 12455, and 12358, respectively. Both the numbers of PS and DS identified from ALOS-2 images are higher than those from Sentinel-1 because of the higher coherence with ALOS-2 images. We identified much more DS than PS, indicating that the measurement points were remarkably improved by the inclusion of DS. As an example, Additional file 1: Figure S3 shows the distributions of PS and DS from the ascending Sentinel-1 images (path 39). Although only hundreds of PS were identified from the ascending Sentinel-1, we included the PS in the further analysis because the PS are mainly located near the summit where the coherence loss is significant. Figure 7a shows the topography with a resolution of 10 m used in this study, in which the black dotted line indicates the extent of our measurement points. Figure 7b-d show the mean LOS velocities from the ALOS-2, ascending Sentinel-1, and descending Sentinel-1 images, respectively. Additional file 1: Figure S4 shows the standard deviations of the LOS velocities estimated by the percentile bootstrapping method in StaMPS (Efron and Tibshirani 1986; Shamshiri et al. 2018 ). The reference point (white circle in Fig. 7a ) was selected on the road at the eastern flank of the volcano, where the deformation there was assumed to be stable over the observation period. The standard deviations of the LOS velocities at the reference point from the three SAR datasets are all smaller than 3 mm/year.
The blue and red color in Fig. 7b-d represent the LOS extension and shortening, respectively. All the LOS measurements from the three datasets exhibit asymmetric patterns with deformation predominantly at the eastern flank of the volcano. Deformation at Asama volcano can be roughly divided into two sections: the northeast flank (NEF) and the southeast flank (SEF) with areas of approximately 3.68 km 2 and 2.14 km 2 , respectively ( Fig. 7b-d ). The NEF exhibits LOS extension from all the three datasets with the maximum LOS extension rates from the ALOS-2, ascending Sentinel-1, and descending Sentinel-1 images − 14, − 12, and − 10 mm/year, respectively. The displaced region at SEF forms a fan shape with apparent LOS shortening and extension from descending and ascending paths, respectively. The maximum mean velocities at SEF from the three datasets range between − 12 and 9 mm/year. Figure 8 shows LOS velocities along the P 1 P 1 ′ and P 2 P 2 ′ rectangular profiles with a width of 60 m (Fig. 7a ) encompassing the NEF and SEF, respectively. The topography along the two profiles is also shown in Fig. 8 (right  axis) by gray lines. The displacements along P 1 P 1 ′ shows that areas close to the summit show relatively larger LOS extension rates with negligible velocities at about 1.2 km from the summit and further. The displacements along P 2 P 2 ′ exhibit a more scattered pattern than those along P 1 P 1 ′ with maximum velocities at the central part of the slope. The deformation rate along P 2 P 2 ′ from the ascending path (path 39) is much higher than that from the descending paths, implying significant east-west movement. Figure 9 shows the temporal evolution of LOS displacements at P NEF and P SEF , the locations of which are denoted in Fig. 7b-d . All the time series exhibit approximately linear trend over the entire period, implying that the mechanisms controlling the deformation do not change over the observation period. We did not detect significant deformation anomaly associated with a VEI 1 eruption in June 2015, suggesting that the mass transfer during this episode was limited.
We also calculated the quasi-vertical and quasi-eastwest velocities by decomposing the LOS velocities from the three SAR datasets (Additional file 1: Fig. S5 ). The north-south component is ignored due to its insensitivity to LOS measurements by InSAR (e.g., Wright et al. 2004 ). Statistics of the quasi-vertical and east-west velocities show that 65% of the points within NEF show subsidence, while 59% of the points within SEF show a sliding deformation pattern. Table 2 shows the decomposed velocities at the selected points P NEF and P SEF . Uncertainties of the estimates were calculated by the law of error propagation (Cecchi 1991) . The time series at P NEF exhibit apparent subsidence of about − 6.0 ± 0.2 mm/year with a minor east-west component. The time series at P SEF exhibit the eastward velocity of 6.7 ± 0.08 mm/year and minor subsidence of − 2.1 ± 0.05 mm/year. We thus suggest that the deformation at the NEF is dominated by subsidence, while the deformation at SEF is presumably in the slope direction. A possible mechanism to explain the observed deformation at NEF and SEF will be discussed in "Possible mechanism for the observed deformation" section. Fig. 7 a Topography around Asama volcano. Two solid lines indicate profiles whose LOS displacements are shown in Fig. 8 . The mean LOS velocities from the b ALOS-2, c ascending Sentinel-1, and d descending Sentinel-1 images. Two deformation regions at the northeast and southeast of the volcano are circled by solid black lines in b-d. P NEF and P SEF are the two points selected for plotting the displacement time series in Fig. 9 . Black dotted lines in all panels indicate the area with NDVI value smaller than 0.4 as shown in Fig. 2b . The time span in each sub-figure indicates the observation period
Discussion
Validation of the InSAR measurements
Quantifying the errors of InSAR measurements is difficult, primarily because the tropospheric and ionospheric phase delays cannot be completely circumvented (e.g., Remy et al. 2015) . In this study, we used linear regression to reduce the tropospheric delay correlated with topography, which may also partially remove the topography dependent deformation (Zebker et al. 1994; Beauducel et al. 2000) . The displacement time series at points P NEF and P SEF from some SAR images (e.g., Fig. 9b, d, e ) slightly exhibit a seasonal fluctuation, probably due to unmodelled seasonal tropospheric delays.
We validated our InSAR observations with GNSS measurements from three continuous GNSS stations (KAWG, KAHG, and AVOG in Fig. 1 ). Additional file 1: Figure S6 shows the displacement time series in east-west, north-south, and vertical directions at these three GNSS sites. The displacements at KAHG and AVOG cover the whole period of our InSAR observation, while the records at KAWG are unavailable after January 2017 due to a power outage. To compare the GNSS measurements with our InSAR observations, we calculated the vertical velocities of KAHG and KAWG (Fig. 10) between October 2014 and March 2018 relative to AVOG. We did not include the horizontal displacements of the GNSS stations for comparison, because the relative horizontal displacements between KAHA/KAWG and AVOG are much smaller than vertical displacements (see Fig. 1 ). The mean vertical velocities at KAHG and KAWG are − 5.6 and − 1.1 mm/ year (Fig. 10) , respectively, which are comparable with our InSAR observations with a maximum difference of 3.2 mm/year ( Table 2 ). The GNSS measurements Fig. 8 LOS velocities along the two profiles P 1 P 1 ′ and P 2 P 2 ′ (Fig. 7a ) that encompass NEF and SEF, respectively. LOS velocities along P 1 P 1 ′ from the a ALOS-2, b ascending Sentinel-1, and c descending Sentinel-1 images. d-f Similar to a-c but for the profile P 2 P 2 ′. Note the positive velocity represents LOS shortening, and the negative velocity represents LOS extension. Error bars represent the estimated uncertainties (Additional file 1: Fig. S4 ) for deformation velocities also confirm that the deformation mainly took place on the eastern flank of the volcano. We then projected the 3D displacements from KAHG at the east side of the volcano into the radar LOS direction to compare with InSAR measurements. The comparisons (Fig. 11) indicate that the displacement time series from both ascending Sentinel-1 (path 39) and descending ALOS-2 (path 19) are consistent with the GNSS measurements.
Comparison with historical deformation records at Asama volcano
Compared with the historical deformation patterns recorded at Asama volcano, our InSAR observations do not reveal an apparent transition between inflation and deflation. The temporal evolution of displacements from InSAR exhibits a linear trend at both the NEF and SEF of the volcano ("Deformation field" section). One possible reason for the constant temporal patterns in the observed deformation could be the dominance of shallow mechanisms (e.g., thermal contraction, flank instability) rather than deeper magma pressurization/ Fig. 9 Time series of LOS changes at the two selected points P NEF and P SEF (Fig. 7) . a-c Time series at P NEF from the ALOS-2, ascending Sentinel-1, and descending Sentinel-1 images. d-f Similar to a-c but for the point P SEF . Error bars are standard deviations estimated over the points located within a window with size of 3 × 3 pixels Table 2 Velocities in the LOS, east-west, and vertical components at four representative points P NEF and P SEF are located at the center of NEF and SEF (Fig. 7a ), respectively; KAHG and KAWG are GNSS stations located at the edge of the Kamayama summit crater (Fig. 1) . All the values are in mm/year
Points
ALOS-2 (path 19)
Sentinel-1B (path 39)
Sentinel-1A (path 119)
East-west Vertical
KAWG − 1.2 ± 0.7 1.6 ± 1.2 0.8 ± 0.5 − 1.7 ± 2.0 0.9 ± 1.3
Fig. 10
Vertical displacement time series at two GNSS stations KAHG and KAWG with respect to the station AVOG between October 2014 and March 2018. The vertical displacement rate at each station is also annotated depressurization cycles. Moreover, these ground-based measurements were primarily conducted far from the summit, while our InSAR measurements mainly cover the summit region and the upper flanks. The deformation induced by inflation or deflation of the magma sources under Mt Asama may be spatially broad and are insensitive to our application of InSAR.
Possible mechanism for the observed deformation
As shown in "Results" section, we observed two deformed regions at the NEF and SEF of Asama volcano, respectively. In this section, we will inspect possible mechanisms to account for the observed deformation and highlight the importance of continuous deformation monitoring for mitigating future volcanic hazard at Mt Asama.
Possible mechanism for the deformation at NEF
The NEF of Asama volcano exhibits continuous subsidence during the whole period. Recent studies have shown that continuous subsidence at active volcanoes may be explained by several mechanisms such as magma withdrawal (e.g., Lu et al. 2010) , consolidation of erupted deposits (e.g., Grapenthin et al. 2010) , viscoelastic relaxation of the host rock (Yamasaki et al. 2018 ), thermal contraction of lava deposits or intruded magma body (e.g., Tallarico 2003; Wang and Aoki 2019) , and the pore pressure drop associated with hydrothermal fluid circulations (Wauthier et al. 2018) . We first excluded the magma withdrawal and viscoelastic relaxation, because these two mechanisms generally induce broadly symmetric deformation around the magma source, inconsistent with the observed deformation. Also, these two mechanisms produce deformation with a spatial scale broader than what we observe in this study.
Thermal contraction of the lava flow may be responsible for the observed subsidence. The geological map indicates that the NEF is covered by a lava flow region during the 1783 eruption. Yasui and Koyaguchi (2004) estimated the thickness of lava deposits at NEF ranging from about 20 m at the flank to about 90 m near the summit. The amount of observed deformation is correlated with the thickness of the lava deposit (Fig. 8) . The duration of thermoelastic contraction depends on the volume and depth of the source as well as the thermal diffusivity of the surrounding crust (Furuya 2005) . Recent studies at Usu volcano in Japan have shown that it takes more than 160 years for the surface subsidence to become smaller than 1 mm/year if we assume a heat source with a volume of 5 × 10 6 m 3 at a depth of about 100 m, a temperature of 1000 K, and thermal diffusivity of 1 × 10 −5 m 2 /s. If we assume that the average thickness of the lava deposits is 50 m at the northeast summit of Asama volcano, the volume of the heat source is similar to the case above. We thus suggest that the thermoelastic contraction of the 1783 lava flow is unlikely to fully explain the subsidence at NEF of Asama, where subsidence with rates up to − 10 mm/year is observed. Moreover, considering that meteorological precipitation and groundwater flow would accelerate the cooling process (Chaussard 2016; Wang and Aoki 2019) , some other mechanism must also contribute to the observed subsidence at NEF of Asama.
Another possibility leading to the observed subsidence is a pore pressure drop related to hydrothermal activity beneath Asama volcano. Figure 12 shows a schematic view of magma transport beneath Asama volcano inferred from previous geodetic and seismic observations (Aoki et al. 2013) , in which blue and red rectangles beneath Kurofu volcano represent old and recent magma intrusions, respectively. The old magma intrusions emplaced before 24,000 years ago possess higher density Fig. 11 Comparisons of displacement time series between InSAR measurements (red squares) and GNSS measurements (gray circles) at the KAHG GNSS site. The GNSS 3D displacement components are, respectively, projected into the LOS directions of a ascending Sentinel-1 (path 39), and b the descending ALOS-2 (path 19) for comparisons. Error bars indicate the estimated uncertainties of InSAR measurements similar to these in Fig. 9 than the recent intrusions due to slow cooling and thus prevent the magma in the deep reservoir from intruding upward directly but along the conduit toward the current crater (Fig. 11 ). This internal structure of Asama volcano results in a flow of hydrothermal fluid from depth to the east side of the volcano, where Usui et al. (2017) reported a porous layer with higher water content at a depth of ~ 1 km above sea level. Due to the lack of independent constraints from, say, the pressure, temperature, or fluid flux at Asama volcano, we were not able to conduct detailed modeling of the observed deformation to infer the properties of the hydrothermal system beneath the volcano. Assuming that the surface subsidence is entirely due to the loss of pore volume in the porous layer, the relationship between vertical subsidence ( z ) and porosity loss can be expressed as (Todesco et al. 2014) .
where z 0 is the thickness of the porous rock layer, ε 0 and ε are the initial porosity and that after the porosity loss. We can estimate that a 1% loss of porosity in rock layer with a thickness of 50 m would cause surface subsidence of 213-495 mm with a typical initial porosity value of 0.3-0.5. Therefore, we argue that compaction of a porous layer at the east side of Asama volcano could be a possible reason for the observed subsidence at the NEF. Morita et al. (2016) reported that massive degassing of CO 2 was mainly observed at the eastern part of the summit of Asama volcano and suggested that the permeable
zones connected to the deep hydrothermal fluid layer are responsible for the substantial degassing. The pore pressure drops may be triggered by changes in the feeding rate of magmatic gases at the base of the hydrothermal system or changes in permeability of the porous layer (Wauthier et al. 2018) .
Possible mechanism of the deformation at SEF
We observed both vertical and horizontal displacements at the SEF of Asama volcano ("Results" section). LOS changes from the ascending path are much more apparent than from the descending path (Fig. 7) , indicating that the surface moves mainly to the southeast in the slope direction. Considering the average slope angle at SEF of about 20°, we speculate that the displacements at SEF are due to slope instability. The geological map shows that SEF is covered by old lava deposits of Hotokeiwa volcano, which was active about 11,000 years ago. The linear deformation trend at SEF ( Fig. 8d-f ) indicates that the deformation there is likely a constant process at least in the latest decades or so although our InSAR observations only cover about 4 years.
Ongoing long-term flank motion at active volcanoes has been reported globally (e.g., Borgia et al. 2000; Di Traglia et al. 2014; Poland et al. 2017; Schaefer et al. 2019) . Observations of flank instability at large basaltic volcanoes suggested that a weak substrate beneath the sliding surface should exist to accommodate persistent motion (Poland et al. 2017 ). Moreover, rates of flank motion are affected by several factors such as the magnitude of magma supply rate, the thickness of the substrate, and gravitational spreading of the edifice (Poland et al. 2017 ). However, the rock types at Hotokeiwa are dominated by dacite to rhyolite (Yasui 2018) , which are much more viscous than basaltic, and little is known about the internal structure and deposit thicknesses of Hotokeiwa volcano. Therefore, inferring the properties of the sliding substrate is unrealistic from only our InSAR observations. Nonetheless, considering low magmatic activities at Asama without large surface deformation ("Comparison with historical deformation records at Asama volcano" section), we suggest that the gravitational loading on the SEF plays a key role in affecting the slope motion. The spreading of small horizontal velocity (< 10 mm/year) at the SEF also indicates that the depth of the sliding surface is deep seated. In contrast, surficial flank motions such as remobilization of volcanoclastic material and material erosion are typically localized and much faster (Schaefer et al. 2019 ). Persistent deep-seated flank motion at active volcanoes is less likely to evolve into large-volume landslides, because elastic stress can be relaxed due to the very slow deformation rate (De Vries and Borgia 1996) . This is justified by the absence of scarps or benches on the surface of the SEF at Mt Asama and no recording of large slope failure there. However, a sudden trigger to failure through the interaction of volcanic activity and slope instability is possible. Observations of flank instability at Stromboli volcano, Italy have shown that increase in magmatic pressurization may promote the sliding rate and eventually result in catastrophic failure along the preexisting shallow substrate (Di Traglia et al. 2014) . Deep-seated flank motions evolving into debris avalanches can typically result in failure volume of more than 1 × 10 7 m 3 , such as the debris avalanche at Mount St Helens in 1980 with volume of 2.5 × 10 9 m 3 (Glicken 1996) , and at Soufriere Hills volcano in 2003 with volume of 2.1 × 10 8 m 3 (Herd et al. 2005) . We thus argue that close monitoring of the flank instability at the SEF of Asama volcano should be taken in the future, given the significant threat of the SEF to the infrastructure and communities downstream.
Conclusions
By combining persistent and distributed scatterers, we successfully obtained the surface deformation of Asama volcano for the first time with SAR satellites between 2014 and 2018. Dense measurement points on the summit and flanks reveal two deformation regions, which are located at the northeast and southeast flanks of the volcano with areas of about 3.68 km 2 and 2.14 km 2 , respectively. The northeast flank exhibits vertical subsidence of up to − 10 mm/year near the summit. The southeast flank exhibits both vertical and eastward displacements of about − 2.1 and 6.7 mm/year, respectively. Temporal evolution of displacements at both the two deformation regions shows a nearly linear trend over the observation period, which is confirmed by the GNSS measurements.
We interpreted that the vertical subsidence at the northeast flank of Mt Asama is mainly due to the pore pressure drop of a porous layer related to the hydrothermal activity of the volcano. Although the northeast flank is on the lava deposits of the 1783 eruption, the thermal contraction is likely minor after more than 200 years since lava emplacement. Considering the presence of both vertical and horizontal displacements at the southeast flank, we argue that flank instability is responsible for the deformation there. Continuous monitoring of the southeast flank of Asama volcano is necessary considering an existing weaker layer at a shallow depth may be responsible for flank instability and be stimulated by a future eruption.
